Purpose: Patients with locally advanced prostate cancer after radical prostatectomy are candidates for secondary therapy. However, this higher risk population is heterogeneous. Many cases do not metastasize even when conservatively managed. Given the limited specificity of pathological features to predict metastasis, newer risk prediction models are needed. We report a validation study of a genomic classifier that predicts metastasis after radical prostatectomy in a high risk population. Materials and Methods: A case-cohort design was used to sample 1,010 patients after radical prostatectomy at high risk for recurrence who were treated from 2000 to 2006. Patients had preoperative prostate specific antigen greater than 20 ng/ml, Gleason 8 or greater, pT3b or a Mayo Clinic nomogram score of 10 or greater. Patients with metastasis at diagnosis or any prior treatment for prostate cancer were excluded from analysis. A 20% random sampling created a subcohort that included all patients with metastasis. We generated 22-marker genomic classifier scores for 219 patients with available genomic data. ROC and decision curves, competing risk and weighted regression models were used to assess genomic classifier performance. Results: The genomic classifier AUC was 0.79 for predicting 5-year metastasis after radical prostatectomy. Decision curves showed that the genomic classifier net benefit exceeded that of clinical only models. The genomic classifier was the predominant predictor of metastasis on multivariable analysis. The cumulative incidence of metastasis 5 years after radical prostatectomy was 2.4%, 6.0%
PROSTATE cancer is the most common cancer in men. The global burden is expected to increase to 1.7 million new cases and 499,000 deaths annually by 2030. 1 In the approximately 2.5 million men with prostate cancer in the United States the 5-year relative survival of locoregional disease, representing about 96% of diagnoses, is almost 100%. 2 However, this overall favorable statistic hides the fact that 29,000 men died of prostate cancer in 2012. 3 Most men who die of prostate cancer have localized disease on initial biopsy but after RP tumors are found with 1 or more adverse pathological features. 4 These men at high risk often had increasing PSA or BCR. After RP bone metastasis developed in some men at high risk and/or they died of disease, typically within 10 years of diagnosis. 5, 6 Unfortunately, in those with high risk prostate cancer the mortality rate has not effectively improved in the last 20 years. 2 These findings highlight the need for the identification at diagnosis of truly aggressive tumors with inherently greater potential for early metastasis. 7 These men have the most to gain from early secondary therapies and clinical trials. 8À11 Currently, adverse pathological features, such as Gleason pattern 4 or greater, SMþ, SVI, ECE and preoperative PSA 20 ng/ml or greater, are used to identify men at high risk. These men are candidates for secondary therapy such as postoperative radiation 12 but few will have metastasis and die of prostate cancer even when treated expectantly. 6, 13 Thus, clinicians are reluctant to recommend postoperative radiation despite evidence 8À10 showing its efficacy in men at high risk.
14 Metastatic progression can be delayed, if not prevented, by early secondary intervention. 4 However, clinicians perceive that the sum of the costs and morbidity of secondary therapy will exceed its benefits if applied to all patients with adverse pathological features. 13 We previously reported the development and validation of a GC (DecipherÔ) that predicts early metastasis after RP using an oligonucleotide microarray to profile RNA from formalin fixed, paraffin embedded RP specimens. Using a retrospective, nested, case-control design with a median followup of 16.9 years, we found unique patterns of differential expression in 192 early metastasis cases, ie within 5 years of increasing PSA, in comparison to 271 controls irrespective of BCR. 15 We applied these expression patterns to develop and validate a 22-marker GC to predict early clinical metastasis. 16 The GC was a more specific predictor of aggressive disease than clinical variables or previously reported gene signatures. Thus, we report a blinded study of a prospectively designed cohort to evaluate GC for predicting clinical metastasis in a contemporary, high risk population of patients treated with RP.
MATERIALS AND METHODS

Study Design
Patients treated with RP between 2000 and 2006 were identified from the tumor registry at our institution for a case-cohort study design. This involved identifying all patients with metastasis as well as a group representative of the full cohort (supplementary Appendix, http:// jurology.com/). Thus, men at high risk for recurrence after open/robotic RP with no prior neoadjuvant/prostate cancer treatment were selected based on preoperative PSA greater than 20 ng/ml, pathological GS 8 or greater, SVI or a Mayo Clinic nomogram score of 10 or greater. 17 The cohort of 1,010 men included 73 with metastasis, as evidenced by computerized tomography or bone scan. A 20% random sample of 202 men was drawn from the cohort, including 19 of 73 with metastasis. To increase sampling of metastasis the remaining 54 men with metastasis were added, resulting in a final study set of 256 (supplementary table 1 and figure 1, http://jurology.com/). Patients who did not experience metastasis regardless of BCR, defined as followup PSA 0.4 ng/ml or greater 30 days after RP, were censored at last followup. The study was approved by the Mayo Clinic institutional review board.
Tissue Processing and Prognostic Classifier Application
After histopathological re-review the dominant Gleason lesion (highest grade) was macrodissected in 238 available patient samples for microarray analysis. GC score was calculated for the 219 samples that passed quality control based on the predefined 22-marker classifier. 16 All study participants were blinded to outcomes and clinical data except the statisticians at our institution who selected the study population. Previously described CC, combined genomic-clinical classifiers 16 and scores of 2 validated prediction models (GPSM 17 and the Stephenson nomogram 18 ) were evaluated. GC was also assessed on 384 additional post-RP cases from 3 independent data sets (supplementary Appendix, http://jurology.com/).
Statistical Analysis
Discrimination was measured by the AUC for censored survival data (survival ROC). Net clinical benefit was estimated using extension of decision curve analysis for survival data. Univariable analysis and MVA Cox proportional hazards models were used for risk ratio estimation. 19 Cumulative incidence curves were constructed using Fine-Gray competing risks analysis. 20 Survival analysis was weighted to estimate cohort parameters (supplementary Appendix, http://jurology.com/).
RESULTS
We profiled RNA from formalin fixed, paraffin embedded primary prostate cancer specimens from patients treated with RP. After exclusion due to tissue unavailability and quality control the study consisted of 219 patients, including 69 with metastasis, with a median followup of 6.7 years (supplementary figure 1, http://jurology.com/). Rates of BCR 3 years (35%) and metastasis 5 years (6%) after RP were similar to those in the original cohort, indicating representative sampling (supplementary table 1, http://jurology.com/). Median patient age was 63 years (range 46 to 78). Of the tumors 93% were GS 7 or greater, 47% were pT3 and 56% were SMþ (table 1) . Interestingly, 55% of cases with adverse pathological features met the criteria for low-intermediate D'Amico risk groups before RP, suggesting that many were significantly upgraded and up-staged after RP. Median time to BCR and metastasis after RP was 1.2 and 3.1 years, respectively.
Survival ROC curves were used to assess classifier discrimination. The AUC for GC was 0.79 (95% CI 0.68e0.87), outperforming all clinical variables (AUC 0.49 to 0.65, fig. 1 ). Incorporating all clinical variables into GC marginally increased the AUC to 0.82 (95% CI 0.72e0.88, data not shown). Median GC scores were consistently higher in patients with metastasis compared to those without metastasis at last followup in this study and in the 3 independent data sets (supplementary figure 2, http://jurology. com/). Decision curves were used to compare the net clinical benefit (clinical implication of falsepositive findings) of genomic based classifiers with that of clinical only models. Overall the higher net benefit of genomic based classifiers compared to clinical only risk models suggested that GC models had increased specificity (ie lower false-positive results) without sacrificing sensitivity ( fig. 2 ).
On univariable analysis GC had the highest significant HR among the classifiers (1.58 for each 10% score increase). Of clinical variables ECE, GS and SVI were significant prognostic factors (supplementary table 2, http://jurology.com/). Node positivity, preoperative PSA and SMþ were not significant. Patients receiving adjuvant hormone therapy had an increased HR for metastasis (13) 28 (100) To investigate the HR magnitude by increments in GC score we evaluated the effect size of each 10% increase for predicting metastasis after adjusting for postoperative treatment (supplementary Appendix and table 5, http://jurology.com/). 21 We observed a general trend toward an increasing HR and a decreasing probability of metastasis-free survival with increasing deciles (Cochran-Armitage trend independence test p <0.035). However, differences between deciles were not statistically significant, likely due to fewer patients in the higher GC score deciles. Score deciles were then incrementally collapsed to create 3 GC risk groups (GC less than 0.4, 0.4 to 0.6 and greater than 0.6), which showed significant differences in HR and metastasisfree survival compared to the reference group and to the prior level (table 3) . Progression-free probability estimates and cumulative incidence plots revealed that 60% of patients had GC less than 0.4 (number at risk at time ¼ 0) with only a 2.4% 5-year cumulative incidence of metastasis ( fig. 3) . In contrast, the 20% of patients with GC greater than 0.6 had a 22.5% 5-year cumulative incidence (p <0.001). Similar results were obtained when excluding patients receiving adjuvant treatment (supplementary figure 3, http://jurology.com/).
Since GS was the strongest clinical predictor of metastasis, we compared the distribution of GC scores across GS groups. As expected, median GC increased with higher GS groups (table 3 and fig. 4 ). No patient with GS 6 or less had GC greater than 0.6 or clinical metastasis during study followup. Of patients with GS 7 tumors 41% had GC 0.4 or greater, including 44% with clinical metastasis. Conversely, 86% of men with GS 7 tumors and low GC (less than 0.4) did not experience metastasis and only 3% died of the disease. As expected, 40% of patients with GS 8 or greater had a high GC score (greater than 0.6), of whom 62% experienced metastasis and 41% died of the disease. However, 36% of patients with GS 8 or greater had a low GC score and most did not have metastasis (77%) or die of prostate cancer (85% . Model performance was compared to extreme of classifying all patients at risk for clinical metastasis, thus, warranting treatment in all (dotted gray line) vs classifying no patients at risk and, thus, treating none (horizontal black dashed line). Decision to treat threshold (probability of metastasis used to trigger decision to treat) varied from 0 to 1 with sensitivity and specificity of each prediction model calculated at each threshold to determine net benefit. Optimal classifier had high net benefit above line indicating all patients treated. Net benefit of GC based models was superior at wide range of decision to treat thresholds.
Stephenson 5-year, Stephenson nomogram derived 5-year survival probability. 2006) population of 1,010 men at risk for recurrence after RP the cumulative incidence of metastasis was only 6% at 5 years and 7.2% at 10 years. The GC score restratified this population, such that the low score group had an almost 3 times lower cumulative incidence of metastasis than the average and the high score group had an almost 4 times higher cumulative incidence of metastasis. Even after adjusting for postoperative therapy and clinical variables GC provided an independent prediction of metastasis. When assessed in 384 patients from independent data sets, GC retained its prognostic potential with higher scores in those in whom metastasis developed (supplementary Appendix, http://jurology.com/). Furthermore, clinical use studies indicated that GC can potentially modify case management, 22 which was also evident at the individual level.
Stephenson et al previously developed and validated a nomogram to predict the probability of prostate cancer specific mortality using standard clinical parameters. 23 Few of the patients in that study had a predicted 15-year metastasis incidence greater than 5%. They concluded that it is difficult to identify patients at substantially increased risk based on clinical parameters alone and there is an evident need for novel markers specifically associated with the biology of lethal prostate cancer. Drawing from advances in expression profiling and genomics, many signatures of aggressive disease have been proposed 24 but to our knowledge none has demonstrated significant improvement for predicting aggressive prostate cancer over that of risk prediction models such as the Stephenson nomogram. 23 This is probably because in most studies of patients treated with RP the end point was BCR, a nonspecific surrogate for Figure 3. Clinical metastasis cumulative incidence based on GC score risk groups. Gray curve indicates underlying cumulative incidence rate of metastasis in full cohort obtained by resampling controls. Of patients 60% had low GC scores (less than 4, green curve) with incidence of metastasis (2.4% lower at 5 years) than cohort average risk at any time point. Patients with high GC scores (greater than 0.6, red curve) had much higher cumulative incidence, reaching 22.5% at 5 years. Total 803 patients were at risk at time 0 among weighting controls sampled from original population after excluding those with unavailable tissue. Dashed gray line indicates 5-year time point after RP. Orange curve indicates GC 0.4 to 0.6. metastatic and lethal disease. 25 In fact, our investigations using transcriptome-wide expression profiling to compare patients with BCR (but not metastasis on long-term followup) and those with no evidence of disease in the absence of secondary treatment revealed few differences in RNA expression between the groups. 15 This finding contrasts with patients with metastasis where primary tumor shows many thousands of differentially expressed RNAs compared to tumors in patients with no evidence of disease or with BCR only. Furthermore, most previous studies represented a broader prostate cancer population, which in the PSA screening era consisted of RP cases that were not necessarily representative of current cancer presentations. 25 In our previous series we used high density (approximately 1.4 million features) expression arrays to discover and validate primary tumor differential expression patterns associated with prostate cancer death and/or metastasis as end points. 16 The transcriptome-wide approach allowed for the interrogation of a richer genomic data set, including thousands of ncRNAs, compared to previous efforts, which were primarily protein coding gene-centric. 26 Indeed, recent investigations of ncRNA revealed key regulatory functions on genes involved in metastatic disease progression. 27 Perhaps ncRNAs in GC encode additional prognostic information missing from previous protein coding gene expression signatures and, therefore, they can provide improved prediction of aggressive disease over that of clinicopathological variables and nomograms in the clinically high risk population. 26 Although most patients with aggressive prostate cancer have adverse pathological features after RP, men with intermediate risk tumors (eg GS 7 or negative surgical margins) may also experience progression to advanced disease. 4 Based on preoperative clinical criteria most patients in this study had low-intermediate D'Amico risk disease. Therefore, additional studies are warranted to determine whether GC scores obtained from diagnostic biopsy specimens can predict metastasis as well as those from postoperative specimens.
Since in this cohort almost 15% of patients had Nþ disease and 45% received adjuvant therapy, the overall validation of GC in an adjuvant therapy-rich cohort may represent a limitation. While adjusting for secondary therapy on MVA showed that GC remained an independent, significant predictor of metastasis, we could not determine whether GC predicted a benefit from local (ie radiation) or systemic (eg hormone) therapy because patients were not randomized to these treatments. Evaluating GC in randomized clinical trial data sets would help us better understand the relationship between GC and the benefit from specific therapies. In turn, for future trials it can also lead to better selection of patients who are truly at high risk.
Experience in the last decade suggests that RP is used more frequently to manage more aggressive disease. 28 Recent PSA screening guidelines may also likely result in a greater proportion of men presenting with more aggressive disease features. 29 As a result, many contemporary patients with adverse pathological features may require additional post-RP intervention since long-term cancer control may not be achieved by surgery alone. 4 Three large, randomized trials showed improved outcomes in patients with adverse pathological features when treated with adjuvant radiotherapy. 8À10 Initial reports from the Radiation Therapy Oncology Group (RTOG) 96-01 trial indicated that intensification with multimodal therapy after RP decreased the incidence of metastasis. 30 Despite this evidence it remains challenging to apply postoperative secondary therapy in individuals. Concerns for overtreatment causing toxicity and morbidity must be weighed against the potential harm of disease progression. The alternative is often observation with intervention only when PSA increases, which may prevent overtreatment but also delay treatment until the disease has already disseminated. A better predictor of metastasis by analysis of the primary tumor long before metastasis manifests clinically would enable more tailored application of multimodal therapy and enhanced clinical trial design for high risk prostate cancer.
CONCLUSIONS
Genomic information significantly improved the prediction of metastatic disease compared to established clinicopathological risk factors in a contemporary cohort of men at high risk for recurrence after RP. Furthermore, most prognostic information for predicting metastatic disease was captured by genomic variables measured in the primary tumor. These data suggest that genomic alterations in aggressive prostate cancer manifest early, many years before metastatic disease is detected clinically. Using genomic information to characterize the true biological potential of a tumor to metastasize may ultimately lead to improved treatment of prostate cancer.
